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daf-16 integrates developmental and environmental inputs to
mediate aging in the nematode Caenorhabditis elegans
Samuel T. Henderson*† and Thomas E. Johnson*†
Evolutionary models of aging propose that a trade- Results and discussion
DAF-16 expressionoff exists between the resources an organism
devotes to reproduction and growth and those daf-16 is negatively regulated by an insulin-like signaling
pathway in C. elegans and is required for dauer formationdevoted to cellular maintenance and repair, such
that an optimal life history always entails an as well as the increased life span and stress resistance
associated with mutations in this pathway [8–11]. Theimperfect ability to resist stress. Yet, since
environmental stressors, such as caloric restriction daf-16 gene produces three different transcripts: a1, a2,
and b, which encode a putative transcription factor with[1] or exposure to mild stress [2, 3], can increase
stress resistance and life span, it is possible that a a fork head or winged helix DNA binding domain (Figure
1a) [9, 10]. To examine the subcellular distribution ofcommon genetic mechanism could regulate the
allocation of resources in response to a changing DAF-16, we constructed a reporter that fuses green fluo-
rescent protein (GFP) to the predicted last amino acid ofenvironment (for overview, see [4–7]). Consistent
with predictions of evolutionary trade-off models, the DAF-16a2 protein (DAF-16::GFP) and is driven by
6 kb of genomic sequence upstream of the endogenouswe show that nematodes carrying an integrated
DAF-16::GFP transgene grow and reproduce more daf-16 gene (Figure 1a). DAF-16::GFP is first visible in
late embryos just before hatching and exposure to the ex-slowly yet are more stress resistant and longer
lived than controls carrying the integration marker ternal environment (Figure 1b,c) and is present through-
out the life of the animal. Consistent with previous reportsalone. We also show that the nuclear localization
of the DAF-16::GFP fusion protein responds to [10], we find that DAF-16::GFP is expressed in most
cell types, with the exception of pharyngeal cells (Figureenvironmental inputs as well as genetic.
Environmental stresses, such as starvation, heat, 1d,e). Under standard culture conditions, the fusion pro-
tein is predominantly unlocalized and is strongly ex-and oxidative stress, cause rapid nuclear
localization of DAF-16. In conditions rich in food, we pressed in many neuronal cells. The expression pattern
and subcellular localization of DAF-16::GFP does notfind that DAF-16::GFP is inhibited from entry into
the nucleus by daf-2 and akt-1/akt-2, both change with age. In well-fed old worms, DAF-16::GFP
remains unlocalized (Figure 1e).components of insulin-like signaling in nematodes.
We suggest that changes in the subcellular
localization of DAF-16 by environmental cues DAF-16 function
allows for rapid reallocation of resources in DAF-16::GFP is functional as shown by its ability to com-
response to a changing environment at all stages plement mutants in daf-16, such as daf-16(mu84) [9]. We
of life. found that two independent extrachromosomal arrays
of DAF-16::GFP (ExDAF-16::GFP) restore the dauer
constitutive (Daf-c) phenotype of a daf-16(mu84)I; daf-Addresses: * Institute for Behavioral Genetics, University of Colorado
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DAF-16 effects on growth and fertilityCurrent Biology 2001, 11:1975–1980
Under conditions rich in food, wild-type C. elegans her-
maphrodites begin to produce progeny soon after reaching
0960-9822/01/$ – see front matter adulthood and deplete endogenous sperm reserves within
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3–4 days. IsDAF-16::GFP animals grow more slowly and
even as adults are thinner and slightly shorter than
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Figure 1 phenotypes of IsDAF-16::GFP animals can be reversed
by inhibition of daf-16 activity using bacterial RNAi
(bRNAi, see the Supplementary material available with
this article online). daf-16 bRNAi suppresses the Daf-c
phenotype of daf-2(e1370) (data not shown), and IsDAF-
16::GFP animals show no detectable GFP fluorescence,
as a result of bRNAi. IsDAF-16::GFP animals maintained
on daf-16 bRNAi grow faster and reproduce earlier than
animals maintained on empty vector controls (Figure
1f,g). Surprisingly, ExpRF4 control animals grown on daf-
16 bRNAi reproduce more rapidly than ExpRF4 animals
maintained on empty vector (Figure 1g), suggesting that,
even in the wild-type, under standard culture conditions,
DAF-16 functions to slow reproduction.
DAF-16 regulates stress resistance
IsDAF-16::GFP animals are more stress resistant and
longer-lived than control animals (Table 2). We tested
both ExDAF-16::GFP and IsDAF-16::GFP animals for re-
sistance to heat, ultraviolet light, and for life span. Both
ExDAF-16::GFP and IsDAF-16::GFP animals were more
thermotolerant than ExpRF4 animals (Table 2). ExDAF-
16::GFP animals did not show any statistically significant
increase in resistance to ultraviolet light (UV), and in-
creases in life span were slight (see Table 2). In each
assay, the integrated strain performed better, suggesting
that it is beneficial if all cells carry the transgene. In some
cases, such as resistance to UV, only the integrated strainExpression of DAF-16::GFP. (a) Schematic of the daf-16 gene
adapted from [9, 10]. Solid lines represent genomic DNA, dashed showed significant resistance.
lines represent spliced introns, white boxes represent 5 and 3
untranslated regions, blue boxes indicate fork head domain coding
DAF-16 nuclear localizationexons, and green boxes represent exons encoding green fluorescent
protein (GFP). (b) DIC image of late embryo. (c) GFP fluorescence. Insulin/IGF signaling in mammals inhibits DAF-16-like
DAF-16::GFP is first evident in many cells just before hatching. (d) proteins predominantly through the action of the serine-
GFP fluorescence of a fourth larval stage (L4) animal; anterior is
threonine kinase AKT/PKB, which phosphorylates spe-left. DAF-16::GFP is widely expressed, except in the pharynx (arrow)
cific serine/threonine residues on DAF-16-like proteins,and germline. (e) DAF-16::GFP expression in a 20-day-old animal;
anterior is left. Fluorescence is maintained in old animals and does resulting in nuclear exclusion, inhibiting transcriptional
not become localized under normal culture conditions either on agar activity of DAF-16-like molecules [14, 15]. Similarly, in
plates or in liquid culture. (f) Size of IsDAF-16::GFP worms and
nematodes, inhibition of daf-2, a homolog of the insulincontrols; IsDAF-16::GFP animals are smaller at all stages. Small size is
receptor [16], results in nuclear localization of DAF-reversed by inhibition of daf-16. (g) Daily fertility of IsDAF-16::GFP
animals and controls. IsDAF-16::GFP animals have delayed and 16::GFP and a high frequency of dauers (see Figure 2a,d).
reduced fertility. Inhibition of daf-16 results in more progeny earlier, While many of the daf-2(e1370); ExDAF-16::GFP animals
even in the control group. Total average progeny produced  SEM: exhibited constitutive nuclear localization, some animalsExpRF4 on empty vector bRNAi  278.6  8.3, ExpRF4 on daf-16
did not. Animals that had unlocalized DAF-16::GFP fre-bRNAi  308.8  11.5, IsDAF-16::GFP on empty vector bRNAi 
169.5  23.1, IsDAF-16::GFP on daf-16 bRNAi  285.7  10.1. quently did not become dauers and instead developed
(f,g) Squares represent ExpRF4. Triangles represent IsDAF- to adults. Simultaneous inhibition of both akt-1/akt-2 by
16::GFP. Unfilled symbols and dashed lines indicate exposure to RNAi resulted in nuclear localization of DAF-16::GFPbacterial daf-16 RNAi. Filled symbols and solid lines represent
and a strong constitutive dauer phenotype (see Figureexposure to empty vector control bacterial RNAi. Each point is the
average of ten animals, with standard error. 2b). Therefore, as in mammals, insulin-like signaling ap-
pears to exclude DAF-16 from the nucleus.
Dauer formation is regulated by a phosphatidylinositol-ExpRF4 animals (Figure 1f). Also, IsDAF-16::GFP animals
reach adulthood slightly later and have fewer progeny 3-OH kinase encoded by the age-1 gene [17]. Mutations
in age-1 result in daf-16-dependent increases in life spanover a longer period of time when compared to ExpRF4
animals (see Figure 1g). This reduced and delayed prog- and stress resistance [17–19]. However, age-1(hx546);
ExDAF-16::GFP animals did not show obvious nucleareny phenotype is similar to that observed in daf-2 mutant
strains [12, 13]. Both the small size and delayed progeny localization when raised at 20C (Figure 2e). Since our
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Table 1
Percent dauer formation.
Genotype (strain) 25.5C n 27C n
daf-16(mu84)I; daf-2(e1370)III (CF336) 34 343 99 163
daf-16(mu84)I; daf-2(e1370)III; ExDAF-16::GFP (TJ354) 92 422 99 281
daf-16(mu84)I; daf-2(e1370)III; ExDAF-16::GFP (TJ355) 98 255 99 160
ExpRF4 (XG79) 0 256 4 262
ExDAF-16::GFP (XG87) 11a 130 63a 214
ExDAF-16::GFP (XG89) 9a 139 58a 82
Is DAF-16::GFP (TJ356) 49a 121 100a 161
a Partial dauers.
RNAi results suggested a correlation between the Daf-c 4a). However, under starvation conditions, DAF-16::GFP
becomes progressively nuclear localized (see Figure 3b1–phenotype and strong nuclear localization, we examined
the subcellular distribution of DAF-16::GFP in age- b3). Animals placed in the same conditions with food did
not exhibit nuclear localization, even after many hours1(hx546) at 27C,where it is Daf-c. At 27C,DAF-16::GFP
is more prominently nuclear localized in age-1(hx546) than (Figure 3a1–a4). Under such favorable conditions, insulin-
like signaling appears sufficient to exclude most DAF-in the wild-type (Figure 2g). Thus, complete nuclear lo-
calization of DAF-16 is not required for increased life 16::GFP from the nucleus, even when present in in-
creased dosage. Nuclear localization induced by starvationspan and stress resistance.
is rapidly reversed by exposure to food (E. coli). When
starved animals with nuclear localized DAF-16::GFP areWe asked if localization of DAF-16::GFP was influenced
placed on an NGM plate seeded with E. coli, delocaliza-by alterations in the clk-1 or eat-2 genes, both of which
tion is first evident at 5 min and is complete in 10 minresult in increased life span, independent of daf-16 [20,
(see Figure 3b4).21]. We found that RNAi directed against clk-1 (Figure
2c) did not result in any obvious nuclear localization.
Similarly, an eat-2(ad465); ExDAF-16::GFP strain (Figure DAF-16 response to stress
2f) did not show nuclear localization. Nor did we see Consistent with a recent report [22], we found that a
nuclear localization in eat-2(ad465); ExDAF-16::GFP variety of heat treatments also resulted in DAF-16::GFP
strains at 27C. This is consistent with eat-2 and clk-1 entry into the nucleus. Both a mild (35C for 1 hr; Figure
mutations extending life by a daf-16-independent mecha- 3c1–c3) and a more severe (37C for 15 min) heat treat-
nism [21]. However, we cannot rule out that incomplete ment led to dramatic and rapid nuclear localization of
nuclear localization in eat-2 and clk-1 mutants results in DAF-16::GFP. Juglone, a known oxidative stressor, also
extended life span as was observed in age-1(hx546). resulted in nuclear localization (Figure 3d1–d3), although
localization was not as complete as that observed after
starvation or heat. We did not detect nuclear localizationDAF-16 response to starvation
Given the strong ties between stress resistance and life after UV doses of 100, 400, or 2000 J/m2 (100 J/m2 shown
in Figure 3e1–e4). Interestingly, ExDAF-16::GFP confersspan, we examined the response of DAF-16::GFP to vari-
ous stressors, such as starvation, heat, UV, and oxidative strongest resistance to those conditions that result in
strong nuclear localization, such as heat, while little if anystress, in second stage larval (L2) animals. Under standard
uncrowded culture conditions with abundant food, DAF- resistance is seen to conditions that do not cause nuclear
localization of DAF-16::GFP, such as UV. Since cyto-16::GFP is not localized (see Figures 1d,e, 3a1–a4, and
Table 2
Life span and stress resistance.
Genotype (strain) Life spana UV resistanceb Thermotolerancec
ExpRF4 (XG79) 16.0  0.40 (6, 301) 9.6  0.28 (5, 98) 0.28  0.07 (3, 98)
ExDAF-16::GFP (XG87) 16.5  0.27 (3, 104) 10.0  0.28 (3, 57) 0.91  0.05 (3, 91)d
ExDAF-16::GFP (XG88) 16.5  0.67 (3, 87) 9.7  0.35 (3, 55) 0.84  0.08 (3,101)d
ExDAF-16::GFP (XG89) 17.9  0.51 (3, 91)d 10.6  0.18 (3, 56) 0.67  0.1 (3, 93)d
IsDAF-16::GFP (TJ356) 18.6  0.40 (4, 212)d 11.36  0.4 (3, 61)d 0.86  0.05 (3, 83)d
a Mean life span at 25.5C in days. b Mean survival after exposure to 500 Each column  SEM (replicates, total number of animals). d Represents
J/m2 UV, in days. c Fraction surviving a 2 hr 37.5C heat shock. statistical difference compared to XG79, p  0.05.
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Figure 2 plasmic DAF-16 is presumably inactive, this may explain
why animals with extrachromosomal or integrated DAF-
16::GFP did not exhibit a strong age phenotype or large
increases in stress resistance.
Nuclear localization by heat treatment reverses slowly.
Second larval stage (L2) animals heated to 35C for 1 hr
and returned to 20C show complete delocalization in 2
hr (Figure 3c4). Failure of DAF-16::GFP to delocalize
after juglone treatment may be due to lethality under
these conditions (Figure 3d4). Since changes in localiza-
tion of DAF-16 are likely to function in the dauer decision
and larval development, we also asked if the response
to stress was maintained in reproductively mature adult
animals. Adult animals behaved similarly to L2 larvae;
heat, juglone, and starvation all resulted in nuclear local-
ization of DAF-16::GFP (Figure 4b–d), while UV did not.
In conclusion, several theories have linked aging to the
amount of resources an organism devotes to reproduction
and growth versus maintenance and repair [5–7]. We sug-
gest that DAF-16 is an example of a molecule which
directly mediates such a “switch” (Figure 4e). When con-
ditions are favorable, reproduction and growth are favored,
few resources are put into maintenance and repair, life
span is shorter, and DAF-16 remains cytoplasmic. When
conditions are unfavorable, growth and reproduction are
reduced, cellular repair and maintenance are favored, life
span is lengthened, and DAF-16 is found in the nucleus.
It is an open question as to whether themammalian homo-
logs of DAF-16 also mediate responses to environmental
stressors. DAF-16 homologs could be an important thera-
peutic target for altering an organism’s innate ability to
withstand stress and diseases of aging and may even be
a target for life span modulation in mammals.
In summary, these properties of DAF-16 reconcile three
models for the specification of aging and longevity: the
programmed aging, the evolutionary, and the oxidative
stress models. Molecular genetic studies of aging have
suggested that aging is under direct genetic control, anddaf-2 and akt-1/2 are required to prevent nuclear localization of DAF-
when this program is interrupted, life span can be ex-16::GFP and dauer formation. Nuclear localization and dauer
formation are represented as fraction of animals showing phenotype, tended [19, 23, 24]. However, evolutionary models have
and n  number of animals examined. All animals maintained at suggested that, since aging is generally nonadaptive, a
20C. (a) daf-2 RNAi results in nuclear localization of DAF-16::GFP
program for aging is unlikely to exist [7]. Finally, aging(1.0, n  10) and dauer formation (0.7, n  174). (b) akt-1 and
clearly can be slowed in response to interventions thatakt-2 double RNAi results in nuclear localization of DAF-16::GFP (1.0,
n  10) and strong dauer formation (1.0, n  64). (c) clk-1 RNAi change the ability of the organism to deal with stress [25,
failed to cause nuclear localization of DAF-16::GFP (0.0, n  50) or 26]. Our results suggest that DAF-16 may have evolved
dauer formation (0.0, n  100). (d) daf-2(e1370); ExDAF-16::GFP
as a switch to alter the allocation of resources in responseanimals show nuclear localization of DAF-16::GFP (0.6, n  50). (e)
to a changing environment. Under favorable conditions,age-1(hx546); ExDAF-16::GFP strains do not show nuclear
localization (0.0, n  20). (f) eat-2(ad465); ExDAF-16::GFP strains DAF-16 remains in the cytoplasm, favoring rapid repro-
do not show nuclear localization (0.0, n  50). (g) age-1(hx546); duction and growth at the expense of stress resistance
ExDAF-16::GFP at 27C shows increased nuclear localization and longevity. When conditions are unfavorable, DAF-(arrows). Inhibition of pdk-1 by RNAi did not result in nuclear
16 moves to the nucleus and functions to delay reproduc-localization (0.0, n  50) or dauer formation (0.0, n  100) (data not
shown). pdk-1 may be resistant to RNAi [8]. tion and growth, while increasing stress resistance and
longevity. Therefore, the allocation of resources by DAF-
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Figure 3
DAF-16::GFP response to stress. All animals
shown are L2 (second larval stage) IsDAF-
16::GFP and are observed in survival media
with 109 E. coli/ml [23], unless stated
otherwise. Time during or after exposure is
listed as hours:minutes. (a1–a4) Well-fed
animals do not show nuclear localization, even
after many hours. (b1–b3) When transferred
to survival medium without E. coli, L2 larvae
show nuclear localization of DAF-16::GFP. (b4)
Delocalization after starved animals are
returned to food. (c1–c3) Animals exposed
to 35C. (c4) Recovery at 20C. (d1–d3)
Exposure to 200 M juglone results in
nuclear localization and (d4) slow recovery.
(e1–e4) Ultraviolet light (100 J/m2) does not
affect localization of DAF-16::GFP.
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